Iron is an essential micronutrient for living organisms as it is involved in a broad variety of important biological processes. However, free iron inside the cell could be potentially toxic, generating hydroxyl radicals through the Fenton reaction. Dps (DNA-binding protein from starved cells) belongs to a subfamily of ferritins and can store iron atoms inside the dodecamer. The presence of a ferroxidase centre, composed of highly conserved residues, is a signature of this protein family. In this study, we analysed the role of two conserved histidine residues (H25 and H37) located at the ferroxidase centre of the Campylobacter jejuni Dps protein by replacing them with glycine residues. The C. jejuni H25G/H37G substituted variant showed reduced iron binding and ferroxidase activities in comparison with wt Dps, while DNA-binding activity remained unaffected. We also found that both CjDps wt and CjDps H25G/H37G were able to bind manganese atoms. These results indicate that the H25 and H37 residues at the ferroxidase centre of C. jejuni Dps are not strictly required for metal binding and oxidation.
INTRODUCTION
Campylobacter jejuni is the most frequent cause of human gastroenteritis worldwide. Ingestion of contaminated food or water leads to fever, abdominal cramps, diarrhoea and malaise (Acheson & Allos, 2001; Altekruse et al., 1999; Blaser, 1997) . Infection by this organism is the most common antecedent to Guillain-Barré syndrome, which causes acute demyelination of the peripheral nervous system (Nyati & Nyati, 2013) . Pathogenic organisms such as C. jejuni need to be able to counteract various types of environmental stress during colonization, for example extreme pH and low availability of trace metals such as iron (Litwin & Calderwood, 1993) .
Iron is an essential micronutrient for life, acting as cofactor for many enzymes and participating in important processes such as photosynthesis, gene regulation and nitrogen fixation (Ilbert & Bonnefoy, 2013) . However, free iron is potentially toxic because it can react with H 2 O 2 , generating highly toxic hydroxyl radicals through the Fenton reaction, which can damage macromolecules, including DNA, fatty acids and proteins, by oxidation (Andrews et al., 2003; Touati, 2000) . Hence, living organisms have developed a variety of strategies to store iron in non-reactive forms, such as Dps (DNA-binding protein from starved cells).
Dps proteins are widely distributed in prokaryotes (Chiancone & Ceci, 2010) , being required for survival during stressful conditions such as nutrient starvation, thermal stress and oxidative conditions, and inside biofilm (Almiró n et al., 1992; Dundon et al., 2001; Martinez & Kolter, 1997; Nair & Finkel, 2004; Pang et al., 2012; Theoret et al., 2011) . The archetypical function of Dps seems to be DNA protection against hydroxyl radicals that are produced when Fe 2+ and H 2 O 2 combine (Zhao et al., 2002) . DNA protection occurs indirectly via iron oxidation and storage; furthermore, some Dps family members can physically protect DNA through the formation of Dps-DNA complexes, independent of the DNA sequence (Franceschini et al., 2006) . Dps proteins are a subfamily of ferritins composed of 12 identical subunits that are assembled into a spherical protein shell (Fig. 1a) that is able to store approximately 500 iron atoms (Bozzi et al., 1997) . Each Dps subunit is formed by a compact four-helix bundle with a molecular mass of *20 kDa. The ferroxidase centre (FOC), located at the twofold interface between subunits, is the most remarkable signature of Dps proteins (Haikarainen & Papageorgiou, 2010) . The FOC is conserved among the members of this family, including C. jejuni Dps, in which the most conserved amino acid residues are His25, Trp26, His37, Asp52 and Glu56 (Ilari et al., 2000; Ishikawa et al., 2003) (Fig. 1b, c) . The Dps FOC is known to contain two metal-binding sites with a different affinity for Fe 2+ ions (Franceschini et al., 2006 (Chiancone & Ceci, 2010) . In Escherichia coli Dps, the reaction rate increases 100-fold in the presence of H 2 O 2 (Zhao et al., 2002) . In addition to Fe 2+ , some Dps members are able to bind other metal ions (Havukainen et al., 2008; Yokoyama & Fujii, 2014) . The Streptococcus suis Dps can bind Cu 2+ , Ni 2+ , Co 2+ and Mn 2+ to the FOC, as determined by isothermal titration calorimetry and X-ray crystallography (Haikarainen et al., 2011) . Furthermore, Kineococcus radiotolerans Dps can form an Mn-Fe heteronuclear metal cluster at the FOC; however, only iron can be stored inside the protein shell (Ardini et al., 2013) . Conserved residues are shaded in black and the arrows indicate the conserved residues at the Dps FOC.
The C. jejuni Dps ferroxidase centre Some non-conserved Dps structural motifs have been implicated in DNA-binding activity, such as a lysine-rich N terminus in E. coli Dps (Ceci et al., 2004) , a positively charged C terminus in Mycobacterium smegmatis (Roy et al., 2007) , or a positively charged protein surface in Helicobacter pylori (Ceci et al., 2007) and C. jejuni Dps (Huergo et al., 2013) . In this study, we analysed how the integrity of the FOC affected both the ferroxidase and DNA-binding activities of C. jejuni Dps.
METHODS
Site-directed mutagenesis and cloning. A synthetic codon-optimized gene encoding C. jejuni Dps carrying histidine to glycine substitutions H25G and H37G was purchased from IDT and cloned into pIDTsmartKm. The synthetic gene was subcloned into the pET29a expression vector by using the Nde I and Bam HI restriction sites, generating the pLHPETcjH25G-H37G plasmid. The insert in the final construct was verified by DNA sequencing.
Expression and purification of CjDps wt and CjDps H25G/ H37G. E. coli BL21(l DE3) carrying the expression plasmid of interest (Table 1 ) was cultivated in 800 ml Luria broth (LB) at 37 uC until OD 600 0.7, and Dps protein expression was induced with 0.3 mM IPTG. After 3 h, cells were harvested by centrifugation at 6000 g for 15 min. Cells were resuspended in 40 mM Tris/HCl pH 8.8, lysed by sonication and centrifuged at 30 000 g for 30 min at 4 uC. The supernatant was collected and the protein of interest was purified using a thermal treatment and two chromatographic steps as previously described (Sanchuki et al., 2015) .
Protein quantification. Total protein concentration was determined using Bradford reagent (Sigma) according to the manufacturer's protocol. BSA was used as a standard.
Mass spectrometry analysis. Mass spectrometry analysis was performed as described previously (Huergo et al., 2010) . Briefly, protein bands were excised from Coomassie-stained SDS-PAGE gels and subjected to in-gel digestion with trypsin. Trypsinized protein was mixed, at 1 : 1 (v/v) ratio, with a saturated solution of the MALDI matrix a-cyano-4-hydroxycinnamic acid (HCCA) dissolved in 50 % (v/v) acetonitrile and 2.5 % (v/v) trifluoroacetic acid. Samples were spotted onto the MALDI target and allowed to dry. Mass spectra were acquired using a MALDI-TOF/TOF Autoflex II spectrometer (Bruker Daltonics). The data were analysed using the Mascot 2.3 server. The mass list was searched against a database for C. jejuni.
Circular dichroism (CD). CD analyses of CjDps diluted in 20 mM
Tris/HCl pH 8.0 to a final dodecamer concentration of 2.4 mM were recorded on a JASCO J-815 (Japan Spectroscopy and Chromatography Technology) spectropolarimeter coupled to a temperature controller. The CD spectra were recorded at 25 uC in the range 200-300 nm; the baseline was corrected by subtracting the buffer spectrum. The results presented in this work are representative of two independent experiments.
Monitoring protein unfolding with SYPRO Orange. A real-time PCR thermocycler (StepOnePlus; Applied Biosystems) was used to monitor protein unfolding using the fluorescent dye Sypro Orange (Invitrogen) as described (Moure et al., 2012; Niesen et al., 2007) . CjDps (10 mM) was kept in 50 mM Tris/HCl pH 7.0 containing Sypro Orange diluted |20. Data were collected at 0.3 uC intervals from 25 to 99.9 uC. The first-derivative curve of normalized fluorescence intensity was plotted as a function of temperature. The inflection point corresponds to the melting temperature. The result is representative of two independent experiments performed in triplicate.
Staining for iron-binding proteins. Staining for iron-binding proteins was performed as previously described (Leong et al., 1992) . Briefly, 100 mg CjDps was incubated with freshly prepared 1 mM FeSO 4 solution for 1 h at room temperature. Subsequently, sample buffer [10 % (v/v) glycerol, 0.01 % (w/v) bromophenol blue, 62.5 mM Tris/HCl pH 6.8] was added to protein samples and the mixtures were subjected to native PAGE for 3 h. The gel was stained for 10 min (in the dark) with potassium ferricyanide and then fixed with a freshly prepared solution of 10 % (v/v) methanol and 10 % (w/v) trichloroacetic acid. Presence of iron was visualized as a blue band. After staining to visualize iron, the same gel was stained with Coomassie brilliant blue. BSA and commercial horse spleen ferritin were used as negative and positive controls, respectively.
Atomic emission spectroscopy. The iron content of CjDps was determined by atomic absorption spectroscopy using an Optima 8300 ICP-OES Spectrometer (Perkin-Elmer). This assay was performed following the official Mexican protocol NOM-117-SSA1-1994 with a limit of detection of 0.1 p.p.m. (mg kg 21 ) iron. Proteins were diluted to 0.48 mM in 10 ml distilled water. The sample was acidified with 10 ml HNO 3 (65 %, v/v) and digested by slowly increasing the temperature over 3 h. The sample was cooled and injected into an atomic emissor dispositive, and the iron content was determined at 248.3 nm using a standard curve.
Iron uptake determination. Purified CjDps preparations were diluted to 0.35 mM (dodecamer concentration) in 500 ml 50 mM Tris/ HCl pH 6.8. Iron incorporation was performed using freshly prepared FeSO 4 at a final concentration of 500 mM. Iron oxidation was monitored spectrophotometrically at 305 nm for 20 min under aerobic conditions. As a control, reactions were performed without the addition of the CjDps protein. Experiments were performed in the presence of 100 mM H 2 O 2 when indicated. Electron paramagnetic resonance (EPR) spectroscopy. EPR experiments were carried out using a Bruker Elexsys E500 spectrometer equipped with a Bruker ER4123D dielectric resonator. Proteins were diluted in 40 mM Tris/HCl pH 8, 0.1 M KCl, and the solutions were sealed in glass capillaries and analysed at room temperature. A 1200 G (1 G51|10
24
) field sweep was set centred at 3488 G, with microwave frequency stabilized at 9.758977 GHz. One thousand and twenty-four points were recorded for each spectrum, with a sweep time of 671 s and time constant of 40.96 ms under 0.6248 mW microwave power. Modulation frequency and modulation amplitude were set to 100 kHz and 9.62 G, respectively. Mn 2+ spectra were baseline-corrected and the absorption was integrated to render the number of paramagnetic centres. Spectral intensities were adjusted to the internal isolated Cr 3+ -doped magnesium oxide standard sample.
DNA-binding assay. DNA binding was assessed using gel shift assays with 60 ng supercoiled plasmid DNA (pGEM). Dps was incubated with DNA for 10 min at room temperature in Bis-Tris pH 6.0. Electrophoresis was carried out on 0.7 % agarose gel for 40 min at 80 V using the same buffer as for incubation of the Dps-DNA mixture. When indicated, the DNA binding assay was performed in the presence of 100 mM H 2 O 2 . DNA was stained with ethidium bromide and visualized using a UVP BioImaging system.
RESULTS AND DISCUSSION
Previous data showed that CjDps is able to bind DNA and that this DNA-binding activity is stimulated by Fe 2+ (Huergo et al., 2013) . In order to verify if the conserved residues at the Dps FOC participate in iron oxidation and/or could play a role in DNA binding, a variant of CjDps with glycine residues incorporated instead of His25 and His37 was obtained, and confirmed both by DNA sequencing and by MALDI-TOF analysis of the trypsin-digested protein preparations (Fig. S1 , available in the online Supplementary Material). These residues were chosen for analysis based on a previously described E. coli Dps H51G/H63G variant, for which it was shown that substitutions of these residues did not affect the secondary structure of Dps, while completely abrogating Fe 2+ -binding and ferroxidase activity (Arnold & Barton, 2013) . In addition, the crystallographic structure of Listeria innocua Dps H31G/H43G showed that these substitutions did not affect the protein quaternary, tertiary or secondary structure (Ilari et al., 2005) . Similarly, CD analysis of the CjDps H25G/H37G variant generated in this study showed that a comparable profile was observed for both the variant and the wt proteins (Fig. S2) , demonstrating that H25G/H37G substitutions did not affect the CjDps secondary structure. Furthermore, the CjDps H25G/ H37G variant was able to form the expected dodecameric structure, as assessed by gel filtration chromatography (data not shown) and by dynamic laser scaterring (Fig.  S3) . The CjDps H25G/H37G variant also maintained a high melting temperature (88 uC) (Fig. S4) , as previously reported for wt CjDps (Sanchuki et al., 2015) .
Effects of H25G/H37G substitution on iron oxidation activity
In order to evaluate the ability of CjDps and its H25G/ H37G variant to store iron, we performed native gel electrophoresis followed by iron staining with potassium ferricyanide. This approach is specific for non-heme iron proteins, resulting in blue bands when potassium ferricyanide reacts with iron bound to proteins (Lawson et al., 1989; Leong et al., 1992) . When CjDps was pre-incubated with FeSO 4 before electrophoresis, a blue band was readily observed for the CjDps wt protein, while a faint blue band was visualized for the CjDps H25G/H37G (Fig. 2) . This result suggests that, while both proteins were able to accumulate iron in their inner cavity, the H25G/H37G variant had a reduced ability to do so.
When a similar analysis was performed without preincubation of the proteins in the presence of iron before electrophoresis, iron staining was negative (Fig. 2a) , demonstrating that neither the CjDps wt nor the H25G/ H37G variant carries a significant amount of pre-bound iron during purification. Indeed, atomic absorption spectroscopy confirmed that both proteins had no significant pre-bound iron (less than 1 atom per dodecamer; data not shown).
In order to further investigate the role of the H25 and H37 residues on iron oxidation, we performed an iron uptake experiment where the formation of the iron hydroxide core was monitored spectrophotometrically at 305 nm . Both CjDps wt and CjDps H25G/H37G variant were able to form the iron core; however, the CjDps H25G/ H37G variant had reduced activity (Fig. 3) . These results suggest that H25 and H37 residues are important but not strictly required for CjDps ferroxidase activity. We suspect that the residual iron core formation observed in the CjDps H25G/H37G variant could be carried out by iron core nucleation sites located inside the Dps cavity.
The formation of the iron core was accelerated in the presence of hydrogen peroxide, indicating that H 2 O 2 is preferred to O 2 as an oxidant (Fig. 3) . These data are in agreement with the results reported for other Dps family proteins (Franceschini et al., 2006; Zhao et al., 2002) . However, they are contrary to the results obtained using an Nterminal 10|His-tagged form of CjDps (Huergo et al., 2013) . We suspect that these contrasting results were caused by the presence of the His-tag fused with the protein being used in the previous analysis (see below in 'DNA-binding analysis').
Metal-binding analysis
The quenching of the intrinsic fluorescence of tryptophan has been widely used to assess metal binding to the FOC of various Dps members (Ilari et al., 2005; Su et al., 2005; Wei et al., 2007) . Comparison of the apo-and iron-bound structures of H. pylori Dps (Nap protein) suggests that iron binding at the FOC causes a structural change rotating the position of the Trp26 residue by *180u along with the bound Cb-Cc (Tsuruta et al., 2012; Yokoyama & Fujii, 2014) . This change in tryptophan hydrophobic surroundings could be responsible for the observed fluorescence quenching by Fe 2+ .
The addition of increasing concentrations of Fe 2+ proportionally quenched the intrinsic tryptophan fluorescence of CjDps wt protein (Fig. 4a) . Strikingly, a very similar profile was observed for the CjDps H25G/H37G variant (Fig. 4a) . It should be noted that these experiments were performed in the presence of oxygen and, therefore, did not allow distinction between the effect caused by the binding of Fe 2+ to the FOC and the effect caused by the accumulation of Fe 3+ inside the protein cage. Hence, these quenching curves cannot be directly interpreted as binding curves.
It has been previously reported that Mn 2+ can bind to the FOC of Dps (Ardini et al., 2013) , which is expected as Fe 2+ and Mn 2+ can assume similar coordination geometries in protein crystal structures (Haikarainen et al., 2011; Zheng et al., 2008) . We evaluated the binding of manganese to CjDps by measuring the intrinsic tryptophan fluorescence (Fig. 4b) . Addition of Mn 2+ increased tryptophan fluorescence of the CjDps wt in a concentration-dependent manner, with a K d of 6.9 + 1.2 mM (Fig. 4b) . Surprisingly, the CjDps H25G/H37G variant showed the opposite fluorescence response to the addition of Mn 2+ . Mn 2+ titration quenched tryptophan fluorescence of the CjDps H25G/ H37G variant, also in a concentration-dependent manner, with a K d of 12.2+1.0 mM (Fig. 4b) .
The quenching of tryptophan fluorescence is affected by the mobility of the side chain and by its interaction with its surroundings (Ghisaidoobe & Chung, 2014; Vivian & Callis, 2001) . It is possible to speculate that Mn 2+ binding affects the CjDps H25G/H37G conformation, exposing tryptophan residues, and consequently quenching the fluorescence. Given that all tryptophan residues in CjDps are close to the FOC (Fig. S5) , we hypothesize that, in the H25G/H37G variant, manganese binds to, or near, the FOC. We speculate that the residues D52 and E56 can still bind metals in the CjDps H25G/H37G variant.
EPR spectroscopy was employed to confirm the binding of Mn 2+ to CjDps. The concentration of free Mn 2+ in solution decreased with increasing concentrations of wt CjDps protein, indicating the formation of proteinbound manganese species (Fig. 5) . A similar, although less pronounced, effect was observed using the H25/ H37G variant (Fig. 5) . The EPR analysis confirmed that both wt and H25/H37G CjDps can bind Mn 2+ .
DNA-binding analysis
We have also examined the ability of CjDps to interact with DNA by measuring a shift in DNA migration through agarose gel during electrophoresis, similar to that in a previous study where we used the same assay to determine the DNA-binding activity of an engineered N-terminal His-tagged CjDps (Huergo et al., 2013 S6 ) and iron-oxidation (Fig. 3) assays.
We compared the ability of untagged CjDps wt and CjDps H25G/H37G proteins to interact with DNA by using DNA shift (Fig. 6) . When a DNA-protein complex is formed, it is possible to see a shift in DNA migration compared with the migration of free DNA. When wt CjDps or H25G/ H37G proteins were incubated with circular plasmid DNA, Dps concentration-dependent retardation of the The C. jejuni Dps ferroxidase centre DNA migration was observed (Fig. 6 ). Pre-incubation of Dps with 100 mM Fe 2+ did not affect DNA-binding activities of the wt CjDps or the H25G/H37G variant (data not shown). These data suggest that Dps residues H25 and H37 are unlikely to be involved in DNA binding.
This study demonstrated that CjDps was able to bind Fe 2+ and Mn 2+ and that iron oxidation was enhanced in the presence of hydrogen peroxide. Strikingly, while the conserved residues H25 and H37 at the Dps FOC were absolutely required for Fe 2+ binding and oxidation by the Dps from E. coli (Arnold & Barton, 2013) and that from L. innocua (Ilari et al., 2005) , in the case of C. jejuni Dps, H25 and H37 are not strictly required for these activities (Figs 3-5) . The residual metal-binding and oxidation activities observed in the CjDps H25G/H37G variant could be postulated to be due to either (1) use of other residues at the FOC to coordinate metals in the absence of the conserved His residues or (2) CjDps containing an additional uncharacterized FOC. From a structural perpective, it is difficult to envisage metal binding at the canonical FOC in the H25G/H37G variant; however, the fact that H25G/H37G showed altered Trp fluorescence upon metal titration, together with the location of all the Trp residues near the FOC (Fig. S5) , suggests that the first postulate may be more likely. We speculate that residues D52 and E56 in the FOC may be involved in binding metals.
One important question to be answered in the biology of Dps is: What signal(s) control its DNA binding activity? Some studies have suggested that the cellular pH, hydrogen peroxide or presence of iron could affect the affinity between Dps and DNA (Jeong et al., 2008) . Our comparison of native and His-fusion proteins indicates that these results may have been affected by the use of engineered proteins.
